An important characteristic of the NCX KO model developed by Gao et al 6 is that NCX was not completely eliminated. This raises an important issue relevant for their data interpretation and numeric modeling: which genotypes of SANC were actually measured by Gao et al. In the cre-loxP paradigm, each SANC from KO mice had a disruption of 0, 1, or 2 of the NCX alleles. Because the responses of their cells differed
T he Na + /Ca 2+ exchanger (NCX) in cardiac cells has 2 fundamental roles. First, it maintains the cell Ca 2+ balance by matching Ca 2+ efflux to Ca 2+ influx through the L-type Ca 2+ current (I CaL ). During diastole, NCX extrudes 1 Ca 2+ from the cell in exchange for 3 extracellular Na + (forward mode), generating an inward current, I NCX . The second fundamental function of NCX specific to cardiac pacemaker cells is to contribute to the diastolic depolarization [1] [2] [3] [4] (for review see Lakatta et al 5 ). However, the importance of NCX function remains unresolved because of a lack of specific NCX blockers and the challenges in measuring I NCX under different conditions.
Original Article by Gao et al: Rationale and Conclusions
In a recent study published in Circulation Research, Gao et al 6 used a global myocardial and sinoatrial node (SAN)-targeted conditional Ncx1 knockout (KO) in mice to explore the role of NCX in basal and reserve operation of the cardiac pacemaker. Surprisingly, SAN cells (SANCs) isolated from the KO mice exhibited no changes in action potential (AP) firing rates, cytosolic Ca 2+ transient shapes, or ion current densities (other than I NCX ). However, the cells were insensitive to β-adrenergic receptor (β-AR) stimulation. Based on these and other results, including in vivo measurements of heart rate and numeric model simulations, the authors concluded that genetic inhibition of I NCX disables fight-or-flight SAN activity without affecting the resting heart rate (title) and therefore physiological Ncx1 expression is required for increasing sinus rates, but not for maintaining resting heart rate (abstract).
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from those in wild-type SANCs, these cells had disruptions in 1 or both alleles and therefore a bimodal distribution of cell behavior would be expected, an issue not addressed by Gao et al. Their measurements of I NCX , in fact, performed only in a limited number of cells (n=15, their Figure 1E ), showed a large spread of values from 0 to 2 pA/pF. On average, the I NCX density and, therefore, the density of functional molecules was 20% of that in SANCs from wild-type mice. Finally, because these measurements were performed only 5 days after tamoxifen treatment, some NCX molecules will still remain even in the cells with 2 disrupted alleles, attributable to kinetics of the NCX protein turnover. Specifically, the half-life of 33 hours for the NCX protein reported by Slodzinski 
We Argue
Because Gao et al 6 achieved substantial inhibition of NCX expression (verified by polymerase chain reaction, Western blot, and voltage clamp recordings), they assumed that this would also substantially inhibit I NCX under physiological conditions. We argue, however, that the remaining NCX molecules within SANCs from iKO mice, nevertheless, are sufficient to conduct nearly the same current during diastolic depolarization (DD) as it occurs in wild-type cells. Thus, NCX still provides the same crucial contribution to cell automaticity in iKO cells. Another interesting aspect of the iKO model is linked to cell Ca 2+ regulation. Prior studies showed that NCX KO in ventricular myocytes activates powerful compensatory mechanisms to ensure cell Ca 2+ balance in the KO cells, which include a reduction in I CaL and AP shortening. 10 In iKO SANC of Gao et al, 6 however, both I CaL amplitudes and AP shapes remain unchanged. The classical mechanism of Ca 2+ -induced inactivation of I CaL is also expected to remain unchanged because Ca 2+ transient shapes were found unchanged in these cells. Thus, if in the iKO cells the Ca 2+ influx remains unchanged, but the major Ca 2+ efflux mechanism via NCX is indeed at only 20% of that in wild type, then it is unclear what mechanism generates the bulk of Ca 2+ efflux in these cells.
In this Research Commentary, we provide numeric model simulations, which, we think, would resolve, at least in part, these paradoxical results of Gao et al 6 and suggest an alternative interpretation of their experimental data with respect to the relevance of I NCX to the resting heart rate. 
SANC Is a Complex Dynamical System, I NCX Is Activated by Local Ca 2+ Releases

Our Simulations of Kurata Model: Mechanism of I NCX Stabilization and Failure to Keep Ca 2+ Low
Here, we show that in Kurata model (used by Gao et al 6 ) , the average diastolic I NCX in the iKO cells also remains almost unchanged (0.35 versus 0.33 pA/pF; Figure 1B and 1H). In simulations with I NCX =0, AP firing stops ( Figure 1N ), representing the case with a true NCX KO. The results of these simulations point to the existence of powerful stabilization mechanisms that preserve the diastolic I NCX in the context of a reduced NCX expression. Given that I NCX =−k NCX ×F(V m ,Ca sub ), the preservation of I NCX (as k NCX decreases) requires a substantial increase in F. Because AP shape (ie, V m ) remains almost unchanged, this is accomplished via an increase in Ca sub . Our additional simulations of Kurata model established the following mechanism of the required Ca sub increase. NCX and SERCA compete for the Ca 2+ released via RyR. When the density of NCX molecules decreases (mimicking iKO cells), the balance shifts in favor of SERCA. Hence, more Ca 2+ becomes available for pumping into the SR by SERCA, which increases RyR Ca 2+ release, leading to an increase in I NCX . In our simulations of Kurata model, this stabilization mechanism is manifested by an increase in SR Ca 2+ uptake flux (by ≈50%; Figure 1C and 1J), a higher SR Ca 2+ load ( Figure 1D and 1K), and a persistent Ca 2+ release ( Figure 1E and 1L). Although these 3 processes increase diastolic Ca sub in the iKO cells ( Figure 1F and 1M), this increase is associated with an unphysiologically high nadir (>790 nmol/L, Figure 1M ). The failure to predict the required normal diastolic level of Ca 2+ (Indo-1 ratio, Online Figure V 
Additional I NCX Stabilization via Local Ca 2+ Control
Our new model simulations have also discovered the existence of another stabilization mechanism of I NCX ( Figure 2C and the Online Movies) via the local control of CICR. 21 During DD, the Ca 2+ released via an RyR in SANC can recruit its neighboring RyRs to release more Ca 2+ . 19 This local CICR mechanism generates spontaneous Ca 2+ wavelets (ie, LCRs) that are larger than Ca 2+ sparks but smaller than global, full-cell-length Ca 2+ waves. 2, 3 The extent of this local RyR recruitment depends on the extent to which Ca 2+ released into the subspace diffuses to and thus interacts with neighboring RyRs. Because the NCX steals Ca 2+ in the vicinity of each RyR, it restrains CICR because the amount of Ca 2+ available for diffusion and recruitment of further RyRs decreases. This restraint wanes as NCX expression becomes reduced and the spread of Ca 2+ release between RyRs via CICR is enhanced, resulting in a more effective activation of the remaining NCX molecules by LCRs ( Figure 2C ). In other words, the diastolic I NCX increase is determined roughly by the formula: I NCX =n sparks ×i NCX_spark , where n sparks is the number of sparks and i NCX_spark is the NCX current generated by 1 spark. As we decrease k NCX in our local model from 150 to 37.5 pA/pF (Figure 2A, blue plot) , the number of Ca 2+ sparks (within all these LCRs) increases. However, at the same time, a smaller k NCX results in a smaller i NCX_spark . Therefore, the 2 processes compensate each other and the product (n sparks ×i NCX_spark ) remains almost the same (Figure 3 ).
I NCX Stabilization Failure at Extremely Low NCX Expression: Arrhythmia and Pacemaker Failure
In our simulations, when k NCX is reduced further to or <9.375 pA/pF ( Figure 2D ), i NCX_spark continues to decrease, but n sparks cannot further increase because it becomes equal to the total number of Ca 2+ release units in the cell (ie, all RyRs fire during DD). Thus, the aforementioned mechanism of I NCX stabilization becomes saturated. In this case, the diastolic I NCX becomes dramatically reduced (Figure 3 , black dotted curve) and Ca 2+ release becomes uncoupled (partially or fully, Figure 2D 
About the Response to β-AR Stimulation
Using our local control model, we also performed simulations of β-AR stimulation in SANCs at different NCX expression levels (red line plot in Figure 2A ). We found that Figure 2C and 2D (green) but shown with substantial zoom to clearly see the I NCX magnitude and dynamics. For clear comparison within the diastolic period, the traces were synchronized at their peak induced by L-type Ca 2+ current (I CaL ; red arrow) via Ca 2+ -induced Ca 2+ release mechanism at the beginning of an action potential. I NCX substantially decreased only when k NCX decreased dramatically (black dotted curve).
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the AP firing rate increase varies from 0% to 44% of control (rate before β-AR stimulation), which encompasses physiological responses ranging from 20% to 30% in the rabbit (our model is for rabbit SANC). Interestingly, this relationship is bell shaped, indicating that both high and low levels of NCX expression inhibit β-AR stimulation. In the case of a low NCX expression (k NCX =18.75 pA/pF), our numeric model closely reproduces Gao et al 6 experimental result of a complete absence of response to β-AR stimulation (shown by the vertical red arrow in Figure 2A ). On the contrary, excessive NCX expression in the model inhibits response by preventing the increased diastolic release that normally occurs via LCRs (observed experimentally). 22 In this case, NCX removes Ca 2+ efficiently and prevents local CICR so that wavelet-like LCRs do not occur.
Conclusion
In summary, given the new stabilization mechanism of I NCX revealed by our simulations, the spontaneous AP rate is likely regulated differently from what Gao et al 6 suggest. In general, the rate is regulated by the duration of the DD, and more specifically by the DD rate that is determined by the sum of transmembrane ion currents. Gao (Figure 3 ). The I NCX preservation, however, comes at a cost: when NCX expression is low, the remaining NCX molecules become fully used under resting conditions ( Figure 2C , Merging wavelets everywhere), leaving no reserve to support a further rate increase, for example, in the presence of β-AR stimulation (Figure 2A , shown by red arrow), which is similar to the findings of Gao et al.
Future Studies
Although we demonstrate the importance of local Ca 2+ control mechanisms for NCX function in SANCs, the details of the complex cross-talk between NCX and Ca 2+ cycling molecules in cardiac pacemaker cells await further elucidation in new experimental and numeric modeling approaches. Specifically, with respect to the iKO cells reported by Gao et al, 6 it would be interesting to test whether these indeed exhibit larger size LCRs and dysrhythmic firing ( Figure 2D ). Another interesting comparison would be with respect to ryanodine sensitive current (ie, I NCX ) during DD. 3 If compensatory mechanisms actually exist, the diastolic I NCX in the iKO cells must be much larger than 20% of that in wild-type cells. Novel numeric modeling approaches ought to extend the full local control theory 21 to pacemaker cells to explore further important details of local cross-talk NCX-RyR-SERCA-L-type Ca 2+ channels in 3 dimension. Adding terms to simulate the effect of protein phosphorylation will be also important for future models to be realistic.
Postscript: The case of I NCX =0
Although the case of a complete NCX KO 8, 9 is indeed interesting (I NCX =0, Figures 1N-1S and 2E) , we have not elaborated on it further in our short Research Commentary, because (1) the original study by Gao et al 6 explored only the effects of partial NCX inhibition and (2) cells with complete NCX KO exhibit dysrhythmic beating, 8 complete absence of automaticity, 9 substantial downregulation of I CaL , 9 and persistent periodic Ca 2+ release in the absence of automaticity, 23 that is, behaviors different from those reported by Gao et al. Thus, although our simulations do reproduce some of these behaviors (dysrythmic beating and absence of automaticity accompanied by persistent periodic Ca 2+ release, Figure 2D and 2E), this special case of I NCX =0 requires a separate, dedicated consideration of all the unique properties of such cells, including additional Ca 2+ efflux mechanisms such as sarcolemmal Ca 2+ ATPase not included in our present model.
